It has long been recognized that fine aggregate (FA) plays a crucial role in the performance of asphalt mixture, especially for the viscoelastic behavior. In this research, 13 types of FA (1 natural sand, 5 stone chips, and 7 machine-made sands) were selected for investigation. Three indirect indicators (uncompact void content test, flow time test, and standard test method for index of aggregate particle shape and texture ASTM D3398) and three types of direct indicators (form, angularity, and texture) were employed to evaluate the geometric characteristics of FA and conduct comprehensive studies on the indicator system. Meanwhile, the effects of FA geometrical properties on the viscoelastic behavior of asphalt mortar were investigated. The results show that only the form indicator ratio of equivalent ellipse axis (E) and angularity indicator surface parameter (SP) can effectively distinguish different types of fine aggregates. The correlation analysis reveals that the parameters of the four elements in the Burgers model are negatively related to the form index (E) but positively related to the angularity index (SP), while the parameter retardation time (τ r ) exhibits the opposite. This indicates that the use of less flat-elongated and more angular FA can increase both the overall stiffness and elastic component of asphalt mortar.
Introduction
Mineral aggregates make up more than 80% by volume or 90% by mass of the commonly used paving asphalt mixtures and, according to the particle size, mineral aggregates can be divided into filler (<0.075 mm), fine aggregate (FA) (0.075 mm < 2.36 mm) and coarse aggregate (CA) (≥2.36 mm). The aggregate geometry has long been recognized to have a significant influence on the volumetric, mechanical, skid-resistant and other properties of asphalt mixtures. Conceptually, the geometric characteristics of aggregate can be fully described by three independent properties, which are form, angularity, and texture [1, 2] .
Great efforts have been devoted by researchers to evaluate the geometry characteristics of both CA and FA, and investigate their potential connections to various mixture performances such as skid resistance [3] [4] [5] , microstructure characteristic [6] [7] [8] [9] [10] , rutting performance [11] and others [12, 13] . Generally, the existing test methods can be classified into two broad categories, namely, the indirect approach and the direct approach. The former refers to those wherein aggregate geometric 2 of 16 characteristics are determined by means of measuring the bulk properties of a group of aggregates. Hossain et al. adopted four kinds of indirect tests for CA geometry and compared and evaluated the test results [14] . Their research indicated that the particle index (Standard Test Method for Index of Aggregate Particle Shape and Texture, ASTM D-3398) and uncompacted void tests provide comparable measures of aggregate particle form, angularity and surface texture. Kandhal et al. evaluated the particle form and texture properties of 18 FAs (eight natural sands and ten manufactured sands) by virtue of the ASTM D3398 test and results showed that the index value can distinguish these two kinds of FA [15] .
On the other hand, the digital image processing (DIP) technique provides an alternative direct method to quantify the aggregate geometric characteristics [16, 17] . In the direct approach, the geometric characteristics (form, angularity, and texture) of aggregate are measured upon the individual aggregates. Rao et al. proposed a new angularity index (AI) based on the University of Illinois Aggregate Image Analyzer (UIAIA) to characterize the angularity of CA. Their results demonstrated that this AI value is able to distinguish crushed stone from gravel [18] . Kwan et al. compared the DIP method with the manual method in measuring the CA of cement concrete [19] . It is concluded that the mean thickness/breadth and length/breadth ratios can be measured directly with the application of the DIP method. Salehi et al. evaluated aggregate geometry using the Aggregate Imaging System (AIMS) and results indicated that the level of anisotropy of an aggregate system is very sensitive to aggregate form, angularity, and textural properties [20] . Masad et al. proposed several DIP techniques to characterize the microstructure of asphalt mixture [21] [22] [23] [24] . Moreover, they also investigated the relationship between FA shape properties and the performance of hot-mix asphalt mixture. Prudencio et al. [25] investigated the particle shape index for fine aggregates based on the concept of volumetric coefficient, which has been recommended by a French standard (AFNOR XP P18-54). The optimal relation among these quantified indexes of FA and the resistance of rutting have also been observed by Johnson et al. [26] and Thomas et al. [27] .
Even though numerous indicators have been proposed by previous researches in describing the geometric characteristics of aggregate [10, 28, 29] , a comprehensive study on verifying their ability to distinguish different kinds of aggregate and view the correlations among different indicators is still lacking. Moreover, few researches have concerned the effect of FA geometry on the rheological property of asphalt mortar, while asphalt mortar is of great importance as it is a single characteristic-length scale smaller than asphalt mixture and is, therefore, closer in characteristic size of the damage that occurs with a mixture. This research focuses on the geometric characteristics of FA. In this research, 3 indirect indicators and 3 types of 7 direct indicators were adopted to evaluate the geometry of 13 different kinds of FAs. Based on the test results, the statistic method was used to verify the ability of the indicators to distinguish the FA type and analyze the correlations among different indicators. At last, the effect of FA geometry on the rheological properties of asphalt mortar was investigated.
The main objectives of this study are following:
• To evaluate the geometric characteristics of FA with both indirect (uncompact void content test, flow time test, and D3398) and direct indicators (form, angularity, and texture) indicators and valid their effectiveness in distinguishing different kinds of FA; •
To determine relationships between the geometry of FA (form indicator ratio of equivalent ellipse axis E and angularity indicator surface parameter SP) and the viscoelastic property of asphalt mortar.
Materials and Methodology

Raw Materials and Properties
In this analysis, 13 kinds of FA with varying mineralogical sources and produced from different processing technologies were collected from different producing areas to cover a wide spectrum of origin, rock type and characteristics. The basic technical properties of the selected FAs were tested according to "Test Methods of Aggregate for Highway Engineering (JTG E42-2005)", and the results are shown in Table 1 . The fineness modulus (M X ) is an index to characterize the size and type of natural sand. The larger the fineness modulus, the coarser the sand. M X can be obtained by
Among the selected 13 FAs, FA1 is natural sand, FA2 to FA6 are stone chips and the others are machine-made sand. The gradations of the FAs were listed in Table 2 . 
Geometric Characteristic Evaluating Methods
Indirect Methods
The indirect tests are normally inexpensive and easy to conduct, and numerous methods and parameters have been proposed to evaluate the geometric characteristic of FAs. In this research, three commonly used indirect methods were adopted which are uncompact void content test, flow time test and ASTM D3398 test, respectively.
(a) Uncompact void content test
The uncompact void content test estimates the geometric characteristic of FA by measuring the loose uncompacted void content of fine aggregate particles. It provides an indication of the aggregate's angularity, spherical shape, and surface texture compared to other fine aggregates tested in the same grading. The uncompact void content U can be calculated by:
It has been reported that a higher U can be observed in FA particles with less spherical particles and higher value of cubicle aggregate, and vice versa.
(b) Flow time test
The flow time test is an indirect measurement of FA geometric characteristic by measuring the time required for a defined volume of aggregate passing through a standardized funnel. The test funnel has two standard diameters which are 12 mm and 16 mm. The 12 mm diameter funnel applies to FA with the particle size range of 0.075-2.36 mm while the 16 mm diameter funnel for FA with the particle size range of 0.075-4.75 mm. For the flow time test, a greater value of flow time T represents greater friction angle, fewer spherical particles, and coarser angularity.
(c) ASTM D3398 test
In the ASTM D3398 test method, the indicator average particle index I a was proposed to evaluate the particle shape and texture characteristics of aggregates for each size fraction. The indicator particle index I was proposed to evaluate the particle shape and texture characteristics of graded aggregates. The average particle index I a and particle index I can be obtained by:
in which q 10 = [1 − m 10 /sv] × 100 (5)
The particle index I is a quantitative measure of the aggregate form and texture characteristics that may affect the performance of road and paving mixtures and the greater value indicates fewer spherical particles and coarser angularity.
Direct Methods
As mentioned above, the indirect tests are based on the measurement of bulk property which is due to the combined effect of form, angularity and texture, and it is fairly difficult to separate the effect of the individual components. By contrast, the DIP-based direct methods can quantify the aggregate geometric characteristics separately and accurately, and thus determine the relative contribution of different geometric characteristics to mixture performance [17] . In this research, the stereomicroscopy and area light were combined to capture the images of FA. The image capturing device is shown in Figure 1 and the detailed steps are as following:
•
Wash the prepared fine aggregates with water and filter out the filler part. Sieve and obtain the required fine aggregates with specific representative size for use. The determination method for the representative size is to be given in the next section; • Adjust the focal length to the required revolution and rotate the focus knob until the aggregates are showed clearly; • Take and save the pictures for further use.
• Wash the prepared fine aggregates with water and filter out the filler part. Sieve and obtain the required fine aggregates with specific representative size for use. The determination method for the representative size is to be given in the next section; • Adjust the focal length to the required revolution and rotate the focus knob until the aggregates are showed clearly; • Take and save the pictures for further use. For each kind of FA, 150 aggregate particles were selected for scanning and the 150 highresolution (0.003 mm/pixel) images were taken for every single aggregate particle, and 25 lowresolution (0.015 mm/pixel) images were taken for every group of 6 aggregate particles as shown in Figure 2 . A number of parameters have been proposed based on imaging analysis. In this research, 7 indexes were selected to describe the form, angularity and texture characteristics of FA, respectively. The employed index system was detailed in Table 3 . Among these indexes, the surface parameter SP was calculated through the erosion-dilation method which was implemented by using MATLAB coding while the others were calculated through Image-Pro Plus (IPP) software. In the Erosion-Dilation method, erosion is a morphologic operation in which pixels are removed from the binary image according to the number of neighboring pixels that have different color and dilation is For each kind of FA, 150 aggregate particles were selected for scanning and the 150 high-resolution (0.003 mm/pixel) images were taken for every single aggregate particle, and 25 low-resolution (0.015 mm/pixel) images were taken for every group of 6 aggregate particles as shown in Figure 2 .
required fine aggregates with specific representative size for use. The determination method for the representative size is to be given in the next section;
• Adjust the focal length to the required revolution and rotate the focus knob until the aggregates are showed clearly; • Take and save the pictures for further use. For each kind of FA, 150 aggregate particles were selected for scanning and the 150 highresolution (0.003 mm/pixel) images were taken for every single aggregate particle, and 25 lowresolution (0.015 mm/pixel) images were taken for every group of 6 aggregate particles as shown in Figure 2 . A number of parameters have been proposed based on imaging analysis. In this research, 7 indexes were selected to describe the form, angularity and texture characteristics of FA, respectively. The employed index system was detailed in Table 3 . Among these indexes, the surface parameter SP was calculated through the erosion-dilation method which was implemented by using MATLAB coding while the others were calculated through Image-Pro Plus (IPP) software. In the Erosion-Dilation method, erosion is a morphologic operation in which pixels are removed from the binary image according to the number of neighboring pixels that have different color and dilation is A number of parameters have been proposed based on imaging analysis. In this research, 7 indexes were selected to describe the form, angularity and texture characteristics of FA, respectively. The employed index system was detailed in Table 3 . Among these indexes, the surface parameter SP was calculated through the erosion-dilation method which was implemented by using MATLAB coding while the others were calculated through Image-Pro Plus (IPP) software. In the Erosion-Dilation method, erosion is a morphologic operation in which pixels are removed from the binary image according to the number of neighboring pixels that have different color and dilation is the reverse of erosion. The area lost after a certain number of erosion and dilation operations is proportional to the percentage of aggregates smaller than a certain size and surface irregularity. For the last five indicators, calculations based on low-resolution images describe the angularity characteristic of the FA, and calculations based on high-resolution images describe the texture characteristic of the FA. The definitions and physical meanings of the indexes are given in what follows. Table 3 . Indexes of fine aggregate geometric characteristic.
Geometric Characteristic Index Methods
Form index
The form indexes ratio of equivalent ellipse axis E and rectangularity R are given by:
These two indicators describe the degree of similarity between the shape of aggregate and circle and rectangle respectively, as shown in Figure 3 .
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Geometric Characteristic Index Methods
Form index
These two indicators describe the degree of similarity between the shape of aggregate and circle and rectangle respectively, as shown in Figure 3 . The surface parameter SP , perimeter ratio of equivalent ellipse I A , convex ratio R C , shape factor SF and fractal dimension D were defined respectively as: The surface parameter SP, perimeter ratio of equivalent ellipse A I , convex ratio C R , shape factor SF and fractal dimension D were defined respectively as: In order to investigate the effect of FA geometry on the viscoelastic property of asphalt mortar, 6 kinds of FA (FA2-3, FA8-10 and FA12) were selected to fabricate asphalt mortar samples and conduct dynamic modulus test. The limestone filler and AH-90 base bitumen (penetration value of 89.8) were used to mix with the fine aggregates according to the gradation shown in Table 4 at the mixing temperature of 155 • C. Then, the static compaction method was used to prepare the asphalt mortar samples with a size of 12 (Ø) mm × 45 (h) mm, as shown in Figure 4 [30] . The Discovery Hybrid Rheometer-II (DHR-II) was used to measure the dynamic modulus of asphalt mortar samples under a frequency sweep mode (from 0.1 to 25 Hz) at four different temperatures (30, 40, 50 and 60 • C), as shown in Figure 5 . In order to investigate the effect of FA geometry on the viscoelastic property of asphalt mortar, 6 kinds of FA (FA2-3, FA8-10 and FA12) were selected to fabricate asphalt mortar samples and conduct dynamic modulus test. The limestone filler and AH-90 base bitumen (penetration value of 89.8) were used to mix with the fine aggregates according to the gradation shown in Table 4 at the mixing temperature of 155 °C. Then, the static compaction method was used to prepare the asphalt mortar samples with a size of 12 (Ø) mm × 45 (h) mm, as shown in Figure 4 [30] . The Discovery Hybrid Rheometer-II (DHR-II) was used to measure the dynamic modulus of asphalt mortar samples under a frequency sweep mode (from 0.1 to 25Hz) at four different temperatures (30, 40, 50 and 60 °C), as shown in Figure 5 . 
Burgers Model
The Burgers model was selected as the constitutive model to describe the viscoelastic property of asphalt mortar. This model is considered as the combination of the Maxwell and Kelvin models in series, as shown in Figure 6 . 
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The Burgers model was selected as the constitutive model to describe the viscoelastic property of asphalt mortar. This model is considered as the combination of the Maxwell and Kelvin models in series, as shown in Figure 6 . ( )
where retardation time 
Results and Discussion
Evaluation of Indirect Indexes
where retardation time τ r = η 2 /E 2 is a measure of the time taken for the creep strain to accumulate. Greater τ r value indicates the material is more viscous. The values of the model parameters can be obtained based on the dynamic modulus test results [31] .
Results and Discussion
Evaluation of Indirect Indexes
In this analysis, 8 of the 13 kinds of FAs (FA1-5 and FA8-10) were selected to conduct the uncompacted void content test, and the test results were shown in Figure 7 . It could be found that the uncompacted void content U of FA1 (natural sand) is significantly smaller than the other two types of FAs (stone chips and machine-made sand). One-way analysis of variance (ANOVA) was used to determine whether there are any statistically significant differences with respect to uncompacted void content U between different FA types and the calculated F value was 0.035. This value is much less than the significance level F 0.05 = 5.99 which means that index uncompacted void content U cannot effectively distinguish the geometric characteristic difference of different FAs under the significance level of 95%.
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Representative Size for Fine Aggregate (FA) Geometry Characterization
In the indirect methods, measurements of the FA bulk properties were conducted on the graded aggregates. However, the direct methods are based on the direct measurement of the individual aggregates. In this case, it is necessary to find out a representative size for FA to eliminate the effect of particle size and represent the geometric characteristics of graded FA. Theoretically, the aggregates with the determined representative size should have the maximum correlation with the graded FA in terms of the geometric characteristics. Determination of the representative size can be achieved with resort to the gray relation analysis (GRA) method. The underlying mechanism of GRA method is to calculate the relation degree between reference sequence and comparative sequence. The greater 
In the indirect methods, measurements of the FA bulk properties were conducted on the graded aggregates. However, the direct methods are based on the direct measurement of the individual aggregates. In this case, it is necessary to find out a representative size for FA to eliminate the effect of particle size and represent the geometric characteristics of graded FA. Theoretically, the aggregates with the determined representative size should have the maximum correlation with the graded FA in terms of the geometric characteristics. Determination of the representative size can be achieved with resort to the gray relation analysis (GRA) method. The underlying mechanism of GRA method is to calculate the relation degree between reference sequence and comparative sequence. The greater the relation degree is, the higher the correlation will be.
In this research, 3 FAs (FA 2, FA8 and FA10) were selected as the study object to investigate the representative size by means of the GRA method. Firstly, the mono-sized (2.36 mm, 1.18 mm, 0.6 mm, 0.3 mm, 0.15 mm, 0.075 mm) aggregates for each kind of the selected FAs were collected by sieving. For comparison, three kinds of graded aggregate for each kind of the selected FAs were blended according to upper, middle and lower gradations (see Figure 10 ) recommended by "Technical Specification for Construction of Highway Asphalt Pavements" (JTG F40-2004).
In this research, 3 FAs (FA 2, FA8 and FA10) were selected as the study object to investigate the representative size by means of the GRA method. Firstly, the mono-sized (2.36 mm, 1.18 mm, 0.6 mm, 0.3 mm, 0.15 mm, 0.075 mm) aggregates for each kind of the selected FAs were collected by sieving. For comparison, three kinds of graded aggregate for each kind of the selected FAs were blended according to upper, middle and lower gradations (see Figure 10 ) recommended by "Technical Specification for Construction of Highway Asphalt Pavements" (JTG F40-2004). Then, the uncompacted void content test, flow time test and ASTM D3398 test were conducted on both mono-sized and graded aggregates, respectively. On basis of the test results, the GRA method was used to calculate the relation degree between the mono-sized and graded aggregates for all the three tests separately. But for the sake of comparing and analyzing, the calculation results for different tests were combined as shown in Figure 11 . Then, the uncompacted void content test, flow time test and ASTM D3398 test were conducted on both mono-sized and graded aggregates, respectively. On basis of the test results, the GRA method was used to calculate the relation degree between the mono-sized and graded aggregates for all the three tests separately. But for the sake of comparing and analyzing, the calculation results for different tests were combined as shown in Figure 11 . Figure 11 indicates that in the flow time test and ASTM D3398 test, the particle size of 0.6 mm exhibits the strongest relation with graded aggregate. In the uncompacted void content test, the particle size of 2.36 mm exhibits the strongest relation with graded aggregate, followed by 1.18 mm and 0.6 mm. In general, the 0.6 mm aggregates have the highest characteristic similarity with the Figure 11 indicates that in the flow time test and ASTM D3398 test, the particle size of 0.6 mm exhibits the strongest relation with graded aggregate. In the uncompacted void content test, the particle size of 2.36 mm exhibits the strongest relation with graded aggregate, followed by 1.18 mm and 0.6 mm. In general, the 0.6 mm aggregates have the highest characteristic similarity with the graded fine aggregates. Thus, 0.6 mm was determined as the representative size of FA and used in the following FA geometric characterization.
Evaluation of Direct Indexes
In this part, 9 of the 13 kinds of FAs (FA1, FA3-8 and FA10-11) were selected to conduct the direct index evaluation. As mentioned above, the specified amount of aggregates with the representative size of 0.6 mm were prepared first. Then the digital images of the aggregates were obtained according to the procedures introduced in Section 2 and the IPP and MATLAB coding were used to extract the form, angularity and texture indexes of the FA, respectively.
Analysis of Form Indexes
The measured form indexes, ratio of equivalent ellipse axis E and rectangularity R, of the selected 9 kinds of FA are shown in Table 5 . It can be seen that compared to stone chips and machine-made sand, the rectangularity R of natural sand (FA1) is closer to π/4. This means that the natural sand is rounder than stone chips and machine-made sand. However, no significant differences were observed in terms of the ratio of equivalent ellipse axis E among the three kinds of FAs. The one-way ANOVA analysis was also conducted to analyze the effect of FA type on ratio of equivalent ellipse axis E and rectangularity R. The calculated F value for ratio of equivalent ellipse axis E and rectangularity R were shown in Table 6 . It shows that the calculated F value for ratio of equivalent ellipse axis E is greater while that of the rectangularity R is smaller than the significance level F 0.05 = 5.59. This means that the shape index ratio of equivalent ellipse axis E can effectively distinguish the geometric characteristic difference of different FAs but rectangularity R fails under the significance level of 95%. 
Analysis of Angularity Indexes
The measured angularity indexes, surface parameter SP, perimeter ratio of equivalent ellipse A I , convex ratio C R , shape factor SF and fractal dimension D of the selected 9 kinds of FAs based on the low-resolution images are shown in Table 7 . It shows that the natural sand (FA1) always has the smallest value in terms of the five angularity indexes. The one-way ANOVA analysis was further conducted to analyze the effect of FA type on the angularity indexes and results were shown in Table 8 . The results imply that the F value for surface parameter SP is greater, but the F value for the other four indexes are smaller than F 0.05 = 5.59. This suggests that, among the angularity indexes, only the surface parameter SP can effectively distinguish the geometric characteristic difference of different FAs under the significance level of 95%. 
Analysis of Texture Indexes
The measured texture indexes, surface parameter SP, perimeter ratio of equivalent ellipse A I , convex ratio C R , shape factor SF and fractal dimension D, of the selected 9 kinds of FAs based on the high-resolution images were shown in Table 9 . It is not surprising to observe that the natural sand (FA1) has the smallest value in terms of the five texture indexes. The one-way ANOVA analysis was also conducted to analyze the effect of FA type on the texture indexes and the results are shown in Table 10 . As can be seen in Table 10 , the calculated F values for all of the five indexes are smaller than F 0.05 = 5.59. Therefore, conclusions can be drawn that all the texture indexes fail to distinguish the geometric characteristic difference of different FAs at the significance level of 95%. To summarize, the geometric characteristics of natural sand are significantly different from stone chips and machine-made sand according to the DIP-based direct evaluations. Among the adopted indexes in this research, only the form index ratio of equivalent ellipse axis E and the angularity index surface parameter SP can effectively distinguish the geometric characteristic difference of different FAs.
Correlation of Indirect and Direct Indexes
In the above research, we have used both the indirect method and the direct method to analyze the geometric characteristics of FA and evaluated the effectiveness and sensibility of both kinds of methods. The indirect methods focus on the overall behavior of the graded aggregate instead of the individual particles, and the test procedure is easy and time-saving. By contrast, the direct methods Appl. Sci. 2020, 10, 130 13 of 16 are time-consuming, but they provide more precise descriptions of the particle geometry. In order that the potential relevance between the indirect and direct methods was to be exploited, a statistical analysis was conducted in this part and correlations were run between the indirect and direct indexes, as shown in Figure 12. different FAs.
In the above research, we have used both the indirect method and the direct method to analyze the geometric characteristics of FA and evaluated the effectiveness and sensibility of both kinds of methods. The indirect methods focus on the overall behavior of the graded aggregate instead of the individual particles, and the test procedure is easy and time-saving. By contrast, the direct methods are time-consuming, but they provide more precise descriptions of the particle geometry. In order that the potential relevance between the indirect and direct methods was to be exploited, a statistical analysis was conducted in this part and correlations were run between the indirect and direct indexes, as shown in Figure 12 . Figure 12 indicates that the indirect indexes were negatively associated with the form index R but positively associated with other direct indexes. In terms of the three indirect indexes, a good correlation was found to exist between the particle index I and the direct indexes. This means that the particle index I can better characterize the individual particle morphology. As for the direct indexes, the texture indexes exhibit the highest correlation with the direct indexes, followed by the angularity indexes and form indexes. The texture index convex ratio R C displays strong correlation with all the three indirect indexes. It is likely that the texture morphology is the major factor that affects the overall behavior of FA rather than form and angularity. Figure 12 indicates that the indirect indexes were negatively associated with the form index R but positively associated with other direct indexes. In terms of the three indirect indexes, a good correlation was found to exist between the particle index I and the direct indexes. This means that the particle index I can better characterize the individual particle morphology. As for the direct indexes, the texture indexes exhibit the highest correlation with the direct indexes, followed by the angularity indexes and form indexes. The texture index convex ratio C R displays strong correlation with all the three indirect indexes. It is likely that the texture morphology is the major factor that affects the overall behavior of FA rather than form and angularity.
Impact of FA Geometry on Viscoelastic Property of Asphalt Mortar
For purpose of investigating the impact of FA geometry on the viscoelastic property of asphalt mortar, the Burgers model parameters were firstly determined on basis of the dynamic modulus test results, as shown in Table 11 . Correlation analysis was performed to calculate the coefficients of correlation between varying geometric indexes and rheological parameters, and the results are shown in Figure 13 . It could be found from Figure 13 that the parameters of the four elements in the Burgers model are negatively related to the form index E but positively related to the angularity index SP. However, the parameter retardation time τ r exhibits the opposite dependence on form index E and angularity index SP. Considering the physical meanings of the form and angularity indexes, it is suggested that the use of less flat-elongated and more angular FAs produces stiffer and less viscous asphalt mortar.
related to the form index E but positively related to the angularity index SP . However, the parameter retardation time r τ exhibits the opposite dependence on form index E and angularity index SP . Considering the physical meanings of the form and angularity indexes, it is suggested that the use of less flat-elongated and more angular FAs produces stiffer and less viscous asphalt mortar. 
Conclusions
In this research, investigations on the geometric characteristics of fine aggregates were carried out and the effects of aggregate geometry on the viscoelastic behavior of asphalt mortar were studied by using the Burgers rheological model. Based on this study, the following summary and conclusions can be made:
By comparing the correlations between the geometrical properties of mono-sized and graded fine aggregate mixtures, 0.6 mm was suggested as the representative size of FA geometrical characteristic investigation.
For the direct indicators, all these methods we chose in this research perform well in characterizing the morphology of FA. Moreover, the one-way ANOVA results indicate that only the form indicator ratio of equivalent ellipse axis E and angularity indicator surface parameter SP at low resolution (0.015 mm/pixel) can effectively distinguish different types of fine aggregates.
The correlation analysis between indirect and direct indicators shows that the ASTM D3398 test can better characterize the individual particle morphology compared to the uncompact void content test and flow time test. As for the direct indexes, the texture indexes exhibit the highest correlation with the direct indexes, followed by the angularity indexes and form indexes. 
The correlation analysis between indirect and direct indicators shows that the ASTM D3398 test can better characterize the individual particle morphology compared to the uncompact void content test and flow time test. As for the direct indexes, the texture indexes exhibit the highest correlation with the direct indexes, followed by the angularity indexes and form indexes.
The variation of the viscoelastic properties of the asphalt mortar, which is caused by fine aggregate shape characteristics and angular characteristics, have been analyzed based on the Burgers model. The parameters of the four elements in the Burgers model are negatively related to the form index E but positively related to the angularity index SP while the parameter retardation time τ r exhibits the opposite. The results indicated that regular shape and complex appearance shows a high resistance to deformation in the condition of low temperature or high-frequency load. Meanwhile, the results show that the viscous component of the dynamic response is almost impervious to the lithology and geometrical characteristics. The impact of the geometrical character of FA on skid resistance will be investigated in future research. 
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Notations
U
Uncompact void content M X Fineness modulus A 0.15 , A 0.3 , A 0.6 , A 1.18 , A 2.36 , A 4.75 Grader retained percentage γ fa
The apparent relative density γ b
The bulk volume relative density T Flow time I a ,I Average particle index q 10 ,q 50 The voids in aggregate compacted at 10 and 50 drops per layer m 10 ,m 50 The average masses of the aggregate in the mold compacted at 10 and 50 drops per layer S
The bulk-dry specific gravity of the aggregate size fraction V
The volume of the cylindrical mold E Ratio of equivalent ellipse axis R Rectangularity SP Surface parameter A I Perimeter ratio of equivalent ellipse C R Convex ratio SF Shape factor D Fractal Dimension a
The major axis of the equivalent ellipse b
The minor axis of the equivalent ellipse A i
The area of aggregate A r
The area of the minimum enclosing rectangle
The areas of the aggregate images before applying the erosion-dilation operation
The areas of the aggregate images after applying the erosion-dilation operation L 1 The perimeters of the particle cross section L 2
The perimeters of the equivalent ellipse C L The perimeter of the convex S
The area of the aggregate E 1 ,E 2 Elastic parameters η 1 ,η 2 Viscous parameters τ r Retardation time ASTM American Society of Testing Materials AFNOR Association Francaise de Normalisation IPP Image-Pro Plus
